The substrate specificity of micrococcal nuclease (EC 3.1.4.7) has been studied. The enzyme recognises features of nucleotide composition, nucleotide sequence and tertiary structure of DNA. Kinetic analysis indicates that the rate of cleavage is 30 times greater at the 5' side of A or T than at G or C. Digestion of end-labelled linear DNA molecules of known sequence revealed that only a limited number of sites are cut, generating a highly specific pattern of fragments. The frequency of cleavage at each site has been determined and it may reflect the poor base overlap in the 5' T-A 3' stack as well as the length of contiguous A and T residues. The same sequence preferences are found when DNA is assembled into nucleosomes. Deoxyribonuclease 1 (EC 3.1.4.5.) recognises many of the same sequence features. Micrococcal nuclease also mimics nuclease SI selectively cleaving an inverted repeat in supercoiled pBR322. The value of micrococcal nuclease as a "non-specific" enzymatic probe for studying nucleosome phasing is questioned.
INTRODUCTION
Micrococcal nuclease digestion of nuclei generates a repeating pattern of DNA fragments which are multiples of 200 bp (1) . Further digestion of this material leads to the production of a discrete particle, the nucleosome core, containing approximately 146 base pairs of DNA (2, 3, 4) . Each nucleosome core in chromatin is separated from the next by a length of "linker" DNA which is degraded by the nuclease in the liberation of the core particle. The nucleosome core particle has been the subject of intense study (for reviews see 5, 6, 7) and micrococcal nuclease has become one of the major enzymatic probes of chromatin structure.
There is great interest in the question of whether nucleosomes are arranged randomly with respect to the DNA sequence or aligned precisely with respect to sequence, i.e. phased. There have been many reports recently that nucleosomes are indeed phased; for example, in tRNA genes in chicken chromatin (8) , in 5S genes in Xenopus (9) and Drosophila (10) , in heat shock genes in Drosophila (11) , and in satellite DNA in rat (12). The locations of the nucleosomes have been mapped to the nucleotide in the histone genes of Drosophila (13) .
The dominant experimental strategy used to demonstrate phasing is to cleave nucleosomal DNA with restriction enzymes which cut the sequence of interest at a unique location. If the nucleosomes are arranged randomly, digestion will produce a very large number of fragments of different lengths, giving the appearance of a smear when analysed on polyacrylamide gels. If instead nucleosomes were arranged precisely with respect to sequence, a small number of fragments will be produced which reflect the location(s) of the nucleosomes. This experimental design depends critically on the assumption that cleavage by micrococcal nuclease is essentially random with respect to DNA sequence.
The fact that micrococcal nuclease cleaves DNA in "A-T rich" regions of the duplex is known (for reviews see 14, 15) . The enzyme degrades denatured DNA considerably faster than it does duplex DNA (16, 17) . When native DNA is the substrate the acid-soluble products are rich in adenylate and thymidylate residues suggesting preferential attack at "A-T"-containing regions of the DNA (18) . Nearly all di-and tri-nucleotides produced during digestion have an "A" or "T" residue at their 5' OH terminus (18, 19) . Digestion of dinucleotides indicated a strong base preference, dTpTp being hydrolysed 100 times more rapidly than dGpGp (20) .
These data led the early workers to consider the enzyme as a possible candidate for DNA sequencing (21) . The base preference of the enzyme, its preference for single stranded DNA and the fact that duplex DNA containing high concentrations of A and T residues is more readily thermally denatured (22) led to the postulation of a mechanism of enzyme action (23) in which the enzyme preferentially attacks AT rich regions of the duplex due to their transient single strandedness.
We show here that the magnitude of the previously known A-T preference has not been fully appreciated and that there are two additional levels of substrate recognition. Furthermore attempts to reconstruct nucleosome phasing by assembly jji vitro (24) revealed that the sequence preference of the enzyme is the same for DNA in nucleosomes as for naked DNA. Supercoiled molecules were relaxed by treatment with DNA topoisomerase I from wheat germ as described (27) .
MATERIALS AND METHODS

Enzymes
The double stranded replicative form of plasmid molecules m p 2 , an M13 derived vector, and mCetlS were prepared by growth in E.coli K12 71-18 (28) . mCetlS contains a 273 bp fragment of DNA from the nematode C.elegans bearing a proline tRNA gene.
Restriction markers. Restriction markers for polyacrylamide gels were end labelled fragments produced by digestion of pBR322 with Hpall followed 32 by incubation with ct-P dCTP and E.coli DNA polymerase I -large fragment.
Restriction markers for agarose gels were produced by digestion of pBR322 with Eco RII and labelled as above.
Determination of 5' terminal nucleotides of micrococcal nuclease digestion products. The 5' terminal nucleotides of nuclease digestion pro-32 ducts were determined by labelling with y-P ATP and polynucleotide kinase.
The labelling reaction mixture was treated with glucose and hexokinase to convert any residual ATP to glucose 6-phosphate, digested to exhaustion with DNAase I and snake venom phosphodiesterase and the products electrophoresed at pH 3.5 on Whatman 3 MM paper. The mononucleotides were identified by their characteristic mobilities, they were cut out of the paper and the The results show that in a mixture the proportion of C termini will be overestimated by 50%. The proportions of A, T and C termini will be correct.
DNA extracted from beef kidney chromatin was digested (10 units of enzyme/50 ug DNA in 100 mM Tris Cl pH 7.0 10 mM MgCl,, 1 mM CaCl, 37°C) to 10% and 50% acid solubility (5% perchloric acid) and the fragments in the total digest labelled as described above. The 5' terminal nucleotides of mononucleosomes prepared as described (29) were similarly determined.
Rate of digestion of homopolymers and random sequence DNA. DNA was isolated from beef kidney chromatin and used as a source of "random sequence" These results indicate that micrococcal nuclease has a very marked nucleotide preference and that the preference is not altered when the DNA is in the form of chromatin. render the DNA 50% acid soluble is given in Table II .
As no detectable degradation of the G-C polymers occurred at pH 7.0, the pH was raised to 8.0 for the digestion of these substrates.
These results show an extremely rapid digestion of A-T containing polymers and a marked resistance to digestion of G-C containing polymers. In poly {d(G)}.poly {d(C)} the poly {d(C)} strand is completely degraded and Poly {d(G-C)}.poly {d(G-C)} 100 minutes to reach 20% acid solubility the poly {d(G)) strand persists. This could be due to the ability of poly {d(G)} to form self-complementary structures (34, 35) which may be resistant to further hydrolysis. The slower digestion of poly {d(A)}.poly {d(T)} compared to poly {d(A-T)} may reflect the lower melting point of the alternating polymer. Whatever the explanation for these differences the A-T preference of the enzyme is marked.
2. Sequence specificity. To investigate whether micrococcal nuclease has a sequence preference in addition to its nucleotide preference, end labelled linear DNA molecules of known sequence were digested.
(2.1) Diges_t_io_n £f_end_labeUe<l li£e£r_mC_e£lS_ £56) . Circular mCetlS was digested with Smal to give a linear duplex molecule and then labelled at 32 both 3' termini (i.e. both strands) with a-P dCTP and DNA polymerase Ilarge fragment. This end labelled material was digested with micrococcal nuclease, samples were taken at different times and analysed on denaturing and non-denaturing polyacrylamide gels. Both gels showed the same pattern of fragments, the autoradiograph of the denaturing gel is shown in figure 1 . Partly to confirm the results described above and partly to eliminate the possibility that they are a consequence of the short length of the fragment used, a similar experiment was performed on a long end labelled fragment from pBR322. Table I is similar to that of micrococcal nuclease and suggests that it may also recognise a restricted number of sequence features in DNA.
Therefore end labelled linear mCetlS was digested by DNAase I in the presence of manganese to promote double stranded cutting by the enzyme (38) . This gave rise to a distribution of fragments very similar to those seen with micrococcal nuclease but with less variation in intensity between bands and only the 36 nucleotide fragment is prominent. This means that DNAase I and micrococcal nuclease recognise many of the same sequence features but that DNAase I cleaves them at less variable frequency. relaxed (form Ir) DNA was used ( fig. 5 ) . In a parallel experiment the 32 micrococcal digested material was radioactively labelled with y-P ATP and polynucleotide kinase prior to restriction and then analysed similarly.
These results show that micrococcal nuclease cleaves supercoiled pBR322 preferentially at a structural feature located at 3.2 kb clockwise from the EcoRl site. This is the location of an inverted repeat recognised by SI nuclease (39, 40) . Supercoiled SV40 is similarly rapidly cleaved but the cleavage site is not at a unique location.
DISCUSSION
The established "A-T" preference of micrococcal nuclease is confirmed and quantitated by the analysis of the 5' terminal nucleotides and the digestion of homopolymers and alternating copolymers.
That the preference of the enzyme is the same when DNA and chromatin are substrates is shown by the 5' terminal analyses. This is further supported by the fact that the same fragments are produced in digestion of reconstituted chromatin and of end labelled DNA. From the sequences studied so far it has not been possible to formulate firm sequence preference rules although some generalisations are possible. Cleavages at single A or T residues which are surrounded by G and C residues occur so infrequently that they are not detected. Short stretches (2-3) of contiguous A and T residues are cleaved slowly and the helix stabilising influence of nearby G and C residues may be important. The most rapid cleavage sites tend to occur in stretches of more than three contiguous A and T residues. In addition it was noted by A. Klug that the phosphodiester bond between T and A residues is often the most frequently cleaved site in these stretches. For instance, the sequence CAAATAG occurs in both fragments studied and in both cases cleavage occurs exceptionally efficiently in this oligonucleotide and at the same T-A bond ( figs. 2 and 3 ). This could be explained by the poor base overlap in the 5' T-A 3' stack (41) , and may partly account for the rapid cleavage in the ATTA repeats in pBR322 (figure 3 ) , but the reason for the difference in the precise location of the cleavages is unclear. The rapid cleavage at the T-A bond in the sequence CTAG 36 nucleotides from the Smal site in mCetlS is surprising in that it does not occur in a long AT stretch, but we note that in addition to the possible poor base overlap this site lies in the D loop of the tRNA gene raising bhe question of whether the enzyme is recognising tertiary structure features in the DNA. An example of the recognition of tertiary structure is the cleavage at the inverted repeat in supercoiled pBR322. SI nuclease cleaves supercoiled pBR322 at a unique location which maps at exactly the same position as the preferred micrococcal nuclease site and has been shown to be the position of an inverted repeat or potential cruciform structure (39, 40) .
In the production of nucleosome core particles the nuclease probably cleaves the DNA at a preferred sequence close to the point where the DNA leaves the nucleosome. This partly explains the size heterogeneity of monomer length DNA. This is consistent with the fact that nucleosomes produced by digestion of chromatin reconstituted from poly {d(A-T)}-poly (d(A-T)} show a much narrower distribution of sizes (42) .
Since the specificity of the enzyme is the same on naked DNA and on DNA in the form of chromatin, the previously described technique which has been widely used to demonstrate nucleosome phasing appears prone to serious artifacts. In particular it would seem impossible to determine precisely the positions of nucleosomes on DNA using this enzyme.
